Introduction
Bivalve molluscs, such as oysters, are filterfeeding shellfish that can bioaccumulate human pathogenic microorganisms when grown in waters impacted by sewage. Faecally contaminated shellfish represent a risk to human health, especially when consumed raw or lightly cooked (Halliday et al., 1991; Richards, 1985) . Norovirus (NoV) is recognised as the most frequent cause of shellfish-associated illness worldwide and has been linked to numerous outbreaks of acute gastroenteritis in consumers (Lees, 2000) . Current control measures rely on the use of bacterial indicator organisms such as Escherichia coli (E. coli) to assess the faecal contamination of shellfish (Butt et al., 2004; Lees, 2000) . Despite these controls, oysters that are fully compliant with existing bacterial standards continue to be associated with NoV outbreaks in Europe (Baker et al., 2010; Doré et al., 2010; Le Guyader et al., 2010) and elsewhere (David et al., 2007; Huppatz et al., 2008) .
In general, NoV gastroenteritis is considered a mild and self-limiting illness, involving diarrhoea and vomiting, with symptoms lasting for 2-3 days (Kaplan et al., 1982) . NoV is spread by the faecal-oral route and outbreaks are most often reported in healthcare settings, where they contribute to significant financial costs (Lopman et al., 2004) . Although NoV infections in the community occur throughout the year, the annual peak of NoV infection during the winter months can be associated with dry and cold environmental conditions (Lopman et al., 2009) .
NoV is one of five genera recognized within the family Caliciviridae, and human NoV contains a positive sense single-stranded RNA genome that is organised into three open reading frames (ORFs). ORF1 encodes non-structural proteins, including the RNAdependent RNA polymerase; ORF2 encodes the major capsid protein; and ORF3 encodes a minor capsid protein (Jiang, 1993) . The NoV genome can undergo recombination, which 5 occurs relatively frequently at the ORF1/ORF2 junction (Bull et al., 2005) . NoV exhibits considerable genetic diversity and has been classified into five distinct genogroups (GI-GV) based on phylogenetic analysis of the capsid protein (Zheng et al., 2006) . Of the five genogroups NoV GI, NoV GII, and less frequently NoV GIV infect humans and each genogroup is further subdivided into numerous genotypes. NoV GII and, in particular, variants of the NoV GII genotype 4 (GII.4), are most often associated with outbreaks in healthcare and other enclosed settings where person-to-person transmission occurs (Kroneman et al., 2008) . NoV GI genotypes have, however, been reported in one study in Sweden as being more frequently implicated in water-related (drinking and recreational) outbreaks than NoV GII (Lysen et al., 2009) . Shellfish related outbreaks are often associated with multiple NoV genotypes (GI and GII) that are detected both in contaminated shellfish and faeces of infected individuals (Le Guyader et al., 2006) .
The detection of NoV in environmental samples relies on molecular techniques that have been developed to overcome a number of issues, such as low target virus concentrations, the presence of inhibitory substances in sample matrices and the diversity of the NoV genome (Le Guyader et al., 2009) . Broadly reactive and sensitive real-time quantitative reverse transcription PCR (RT-qPCR) assays that target the conserved ORF1/ORF2 junction of the NoV genome, have been designed for the detection and quantification of NoV GI and GII in shellfish (da Silva et al., 2007; Kageyama et al., 2003; Loisy et al., 2005; Svraka et al., 2007) . RT-qPCR procedures have been used successfully in a number of studies to assess the concentrations of NoV in shellfish (Flannery et al., 2012; Kageyama et al., 2003; Loisy et al., 2005; Lowther et al., 2008) . More recently, a standardised method based on RT-qPCR detection of NoV and Hepatitis A in food has been developed by the European Committee for Standardisation (CEN) working group (TC 275/WG6/TAG 4 -6 Detection of viruses in food; and provides a tool to quantify NoV concentration in shellfish. While this method does not distinguish between infectious and non-infectious virus particles it has been used to demonstrate that the risk of illness associated with oysters increases with increasing concentrations of NoV genome copies present (Lowther et al., 2012) . RT-qPCR, therefore, can be a useful tool for assessing the extent of NoV contamination in shellfish which may indicate the potential risk associated with the consumption of such contaminated shellfish.In this study, we used RT-qPCR to investigate the concentrations of NoV in oysters, over a two year period, from a shellfish harvest area that was closed for commercial harvesting because it had been previously associated with outbreaks of NoV illness. We also undertook phylogenetic analysis to establish the profile of NoV genotypes present in the oysters over this time.
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Material and methods
Study site selection
An oyster harvest area, which was closed for harvesting due to previous incidents of NoV contamination leading to illness outbreaks, was selected for this study. The harvest area may be impacted by a number of wastewater treatment plant discharges (WWTP), including from one that provides UV disinfection in addition to secondary treatment and serves a population equivalent (p.e.) of 10,000, located approximately 1 km from the harvest area; and another providing secondary treatment only (p.e. of 420,000), located approximately 10 km from the site.
The selected sampling site was monitored for E. coli levels by the Sea Fisheries Protection Authority (SFPA) as part of the national classification of shellfish harvest area. During the study period the site was consistent with a category B site. Between October 2007 and September 2009, E. coli results for the majority of the samples were < 230 E.coli 100 g -1 (category A -upper limit) and none of the obtained results was greater than 4,600 E.coli 100 g -1 (category B -upper limit).
Shellfish sampling and processing
Oyster (Crassostrea gigas) samples were collected on a monthly basis (n=23) over a 2-year (Costafreda et al., 2006) 
RT-qPCR assay
Preparation of standards and controls
Plasmids pGEM-3Zf(+) carrying the GI and GII target sequences containing restriction site (BamH1) to check for contamination (supplied by Dr. Francoise S. LeGuyader, Ifremer, Nantes, France) were transformed into competent cells and transformant clones were screened. Plasmid dsDNA was isolated from bacterial cultures using the GenElute Plasmid
Miniprep kit (Sigma-Aldrich, Dorset, UK), and then purified using the QIAquick PCR purification kit (Qiagen, West Sussex, UK). The purified plasmids were quantified by spectrophotometry at 260 nm using a NanoDrop 1000 (Thermo Scientific, Wilmington, DE). For both NoV GI and NoV GII, single-use aliquots containing dsDNA of 10 5 genome copies µl -1 were prepared for use as quantification standards. In addition, the purified dsDNA plasmid was linearized, and transcribed in vitro using the Riboprobe transcription system (Promega, UK) for preparation of controls for RT-qPCR inhibition. After DNase treatment, NoV GI and NoV GII external control (EC) RNA were purified and quantified by spectrophotometry at 260 nm. The dsDNA standards and EC RNA controls were stored at -20°C.
Quantification of NoV in shellfish samples
RT-qPCR was performed using RNA Ultrasense TM one-step quantitative RT-PCR system (Invitrogen, Carlsbad, CA) on an AB7500 real-time PCR instrument (Applied Biosystems, Foster City, CA). For NoV GI and NoV GII analysis of shellfish samples, 20 µl of the appropriate reaction mix containing final concentrations of 1 X reaction mix, 12.5 pmol forward primer, 22.5 pmol reverse primer, 6.25 pmol probe, 1 X Rox and 1.25 µl of enzyme mix was added to the designated wells of the 96-well plate. This was followed by duplicate 5 µl aliquots of sample RNA or extraction control. Previously described primers and probes were used for separate analysis of NoV GI and GII. For NoV GI forward primer QNIF4 (da Silva et al., 2007) , reverse primer NV1LCR, and probe NVGG1p (Svraka et al., 2007) and for NoV GII forward primer QNIF2 (Loisy et al., 2005) , reverse primer COG2R (Kageyama et al., 2003) , and probe QNIFS (Loisy et al., 2005) were used for the RT-qPCR assays. The reaction plate was incubated for 60 min at 55°C, 5 min at 95°C with 45 cycles of 15s at 95°C, 1 min at 60°C, and 1 min at 65°C. No template controls using molecular biology grade water were included for the NoV GI and the NoV GII assays.
To determine the concentrations of NoV (genome copies g -1 DT), a dilution series (10 5 to 10 1 copies µl -1 ) of the NoV GI and NoV GII DNA plasmids were included in duplicate on each RT-qPCR run. The number of NoV copies in each positive sample was determined by comparison of the quantification cycle (C q ) value obtained to the standard curves. The final concentration was then adjusted, based on dilution factors, and expressed as detectable virus genome copies g -1 DT. The limit of detection (LOD) for NoV GI and NoV GII was 20 detectable genome copies g -1 DT for shellfish.
To test for the presence of RT-PCR inhibitors, 5 µl of sample RNA were added to a further two wells to which 1 µl of EC RNA (10 7 genome copies µl -1 ) was added. A log dilution series of the NoV GI and GII EC RNA ranging from 10 7 to 10 4 copies µl -1 was included on each RT-qPCR run. The mean C q value obtained for samples that included the EC RNA was used to calculate the quantity of EC RNA detected in the sample which was then used to estimate PCR amplification efficiency which was expressed as a percentage.
Samples with an amplification efficiency of less than 25% were not accepted and in such cases the sample's RNA was reanalysed at a 1:10 dilution.
For extraction efficiency, (determined using the IPC; Mengo virus), forward (Mengo209) and reverse (Mengo110) primers and probe (Mengo147) were used as described previously by (Pintó et al., 2009) . Twenty microlitres of one-step reaction mix was added to the adjacent wells of the 96-well plate followed by duplicate of 5µl aliquots of sample or extraction control RNA. The reaction mix was prepared with the same one-step RT-qPCR system containing the same concentrations of reaction mix, primers, probe, Rox and enzyme mix as was used for NoV analysis. The C T value of the sample was compared to a standard curve obtained by preparing log dilutions from the same batch of Mengo virus as was used to seed samples for analysis. This was expressed as percentage extraction efficiency and samples with an extraction efficiency of less than 1% were not accepted and in such cases RNA extraction was repeated.
Nested RT-PCR and cloning
Reverse transcription (RT) was performed by adding 5 μl of extracted RNA to 3.9 μl molecular biology grade water containing 500 ng of random hexamers (Promega, UK). The mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 20 pmol of each primer, and 1U Ampli Taq polymerase. The primers (G1, G2, SM31) used in the first round of PCR were those described by (Green et al., 1998) . One microliter of the first round PCR product was added to 49 µl of the PCR mastermix containing 10 mM Tris-HCl (pH=8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1 U Ampli Taq polymerase, and 20 pmol of each primer (Ando, E3
for NoV GI and NI and E3 for NoV GII). In the nested PCR, previously described primers were used: Ando (Maguire et al., 1999) , E3, and NI (Green et al., 1998) . The nested PCR was carried out in separate tubes for NoV GI and NoV GII. The thermocycling format used in both rounds of PCR was as follows: an initial denaturation at 94°C for 2 min; 30 amplification cycles with denaturation at 95°C for 1 min, annealing at 40°C for 1 min, and extension at 72°C for 1 min; and a final extension of 72°C for 10 min. The amplification products were examined by gel electrophoresis (2% agarose) and molecular weights were determined by comparison with 25 bp DNA ladder (Invitrogen, Carlsbad, CA). The nested PCR products (113 bp for NoV GI, 112b p for NoV GII) were purified using CHROMA SPIN TM columns (Unitech, Dublin, Ireland) and then cloned into the pGEM®-T Easy
Vector System (Promega, UK). Transformation of bacterial cells and growth on agar plates was performed according to the manufacturer's instructions. Five white colonies per plate were analysed for the presence of the correct insertion size by PCR with a reaction mixture consisting of 10 mM Tris-HCl (pH=8.3), 50 mM KCl, 1.25 mM MgCl 2 , 0.2 mM dNTPs, 2.5 U Ampli Taq polymerase, and 50 pmol of each primer (pTAg forward and reverse).
PCR consisted of a denaturation step at 96°C for 10 min; 30 amplification cycles of 95°C for 1 min, 37°C for 1 min and 72°C for 1 min; and an extension step of 72°C for 10 min.
When the target band was observed (311 bp and 312 bp for NoV GI and NoV GII respectively) using gel electrophoresis (2% agarose), the PCR products were purified with ExoSAP-IT® (USB Corporation, Cleveland, OH) and sequenced in both directions with the pTAg primers.
DNA sequencing and phylogenetic analysis
The ABI PRISM BigDye Terminator v 3.1 Ready Reaction kit (Applied Biosystems, Foster City, CA) was used according to the manufacturer's protocol and the PCR products were purified by DyeEx 2.0 Spin kit (Qiagen, West Sussex, UK) to remove incorporated dye terminators. Nucleotide sequences of the partial polymerase region were aligned using ClustalW algorithm of the MegAlign (DNAstar, Inc., Madison, Wis. USA) software and 13 compared with reference strains retrieved from GenBank. The genotype nomenclature of the reference strains has been adopted from the Norovirus genotyping tool (National Institute of Public health and the Environment, the Netherlands, http://www.rivm.nl/mpf/norovirus/typingtool). All identical sequences were grouped together and relabelled with an alphabetic letter (groupA-groupJ). Phylogenetic analysis was carried out using HKY85 as a model for nucleotide substitution and a phylogenetic tree was constructed by the neighbour-joining method using PAUP* version 4.0 (Swofford, 2003) . The reliability of the generated tree was estimated by bootstrap analysis of 1000 resamplings using PAUP* and the tree was drawn using FigTree version 1.3.1
Reference strains
The reference strains of NoVs included in the phylogenetic analysis were obtained from 
Statistical analysis
Samples that were determined negative by RT-qPCR for a particular norovirus genogroup were scored 10 genome copies g -1 DT for that genogroup (half the LOD). The AndersonDarling test for normal distribution was applied to each data set and the NoV concentrations in oysters were logarithmically (base 10) transformed to achieve a normal distribution. Minitab statistical software version 16 (Minitab Inc., State College, PA) was used for the data analysis.
Results
NoV concentrations in oysters
NoV (GI or GII) was detected in 95.6% (n=22) of the oyster samples analysed ( For the entire study, the mean concentrations of NoV GI and NoV GII detected in oysters were 1568 and 1837 genome copies g -1 DT respectively (Fig. 1) . The NoV GI concentrations detected in oysters differed significantly between the first and second year 
Phylogenetic analysis of oyster samples
During the two-year sampling period, a variety of NoV genotypes were detected in oysters (Fig. 2) . Of the 23 samples analysed, 15 samples were positive for NoV GI by RT-qPCR compared with 18 samples by nested RT-PCR. Three NoV GI genotypes were identified from all samples positive by nested RT-PCR (Fig. 2) . NoV GI.4 was most frequently detected, present in 88.9% of the GI positive samples, followed by GI.3 (33.3%) and GI.2 (11.1%). NoV GI.2 was only identified in the first year of the study, whereas GI.3 and GI.4
were detected in both years.
Of the 23 samples analysed, 22 samples were positive using NoV GII RT-qPCR compared with 16 samples by nested RT-PCR. Five NoV GII genotypes were identified by nested RT-PCR (Fig 2) . Genotype GII.4 was identified in 43.7% of GII positive samples, followed by GII.b (37.5%), GII.e (12.5%), GII.2 (6.2%) and GII.12 (6.2%). NoV GII.b was detected consistently from January to April 2008 and was the most prevalent genotype detected during the first year, whereas GII.4 was detected more frequently during the second year.
NoV GII.2 and GII.12 were detected intermittently throughout the study period. Two variants of GII.4 were prevalent: 2006b and 2008. In November and December 2008 NoV GII.e genotype was detected and was found to have 100% identity to reference strain GII.e (AB434770).
Of all the samples analysed (n=23) multiple NoV genotypes were found in 69.6% (n=16) of the oyster samples. For instance, NoV GI.4, GII.4 2006b and GII.e were identified in oysters sampled in November 2008.
Discussion
We analysed oysters from a production area over a two year study period, which had previously been linked to outbreaks of NoV illness and was closed for harvesting. Despite this closure, ongoing E. coli monitoring of the harvest area indicated that it was compliant with a category B classification prescribed under EU regulation 854/2004 (Anonymous, 2004) . Shellfish products harvested from category B areas may be placed on the market for human consumption following treatment such as depuration or relaying so as to meet category A requirements (<230 E. coli 100 g -1 ). Significant concentrations of NoV were detected in the majority of oyster samples tested over the two years of this study, particularly during the winter months. Total NoV concentrations greater than 100 genome copies g -1 DT were detected in 82.6% (n=19) and concentrations greater than 1000 genome copies g -1 DT were detected in 52.2% (n=12) of all the samples. While post harvest treatment, such as depuration, can efficiently reduce E. coli concentrations as currently practiced, it does not eliminate viruses and outbreaks of illness can still occur (Doré et al., 2010; Le Guyader et al., 2006) . It has been demonstrated that low concentrations of NoV present in oysters do not necessarily result in gastroenteritis when consumed. (Lowther et al., 2012) suggest that oysters containing total NoV concentrations of <100 genome copies g -1 DT represent a low health risk for consumers. Relatively high concentrations of NoV, >1000 genome copies g -1 DT, may be responsible for a higher incidence of NoV illness (Doré et al., 2010) .
This study demonstrates that significant concentrations of NoV were present in oysters in the harvest area, despite compliance with category B health status. It is unlikely that post harvest treatment would reduce NoV contamination present in oysters during the winter months (mean concentration 6,013 genome copies g -1 DT) to safe concentrations. In combination with the history of illness associated with oysters previously harvested from this area, the data demonstrates the inadequacy of the current reliance on E. coli monitoring alone to control risks associated with oyster consumption. Furthermore, it demonstrates the potential value of NoV monitoring using RT-qPCR as an effective control to prevent oysters with significant concentrations of NoV from being placed on the market for consumption.
Total NoV contamination in oysters demonstrated a clear seasonal trend with elevated concentrations occurring during the winter months and is consistent with previous studies (Formiga-Cruz et al., 2002; Le Guyader et al., 2000; Lowther et al., 2008) . The seasonal peak of NoV in oysters is probably due to the discharge of higher concentrations of NoV from WWTPs at this time due to peak community infections coupled with environmental factors such as lower temperature and decreased solar irradiation. It has been shown that enteric virus indicators can survive for prolonged periods of time at lower temperatures (Duizer et al., 2004; Sinton et al., 1999) and they are more rapidly inactivated when exposed to elevated doses of sunlight (Sinton et al., 1999) . In addition, virus concentrations are reduced more rapidly at higher water temperatures (Doré et al., 1998; Doré et al., 2000) .
In this study, total NoV concentrations detected in oysters were higher in the winter of 2008/09 than in the winter of 2007/08. According to the HPSC reports for the corresponding geographic region in Ireland to where the study was conducted, more NoV gastroenteritis cases were notified in the winter season 2008/09 than in the previous winter (Cloak et al., 2009) . In the second year of this study, peak NoV cases in the local community occurred after the increase in total NoV concentrations in oysters. This is consistent with another study that showed an increase in NoV concentrations in wastewaters prior to a peak in NoV cases in the community (da Silva et al., 2007) . In our 20 study, it is possible that the shellfish harvest area is impacted by a number of WWTPs and increased NoV concentrations in oysters can precede the clinical notifications in the corresponding region of Ireland.
Interestingly, NoV GI concentrations in oysters differed significantly between years unlike NoV GII that was detected at comparable concentrations in both years of this study. NoV GI concentrations were greater than NoV GII concentrations in the second year and may be indicative of increased NoV GI infections occurring in the population at this time. , 2007; Katayama et al., 2008; Kitajima et al., 2012; La Rosa et al., 2010) . Other studies have demonstrated that they are present at similar concentrations to one another at the same time (Flannery et al., 2012; Lowther, 2011) . It has been suggested that NoV GI is more resistant to the WWTP process than NoV GII (da Silva et al., 2007) , and also more stable in the water environment (Lysen et al., 2009) and that these features may lead to increased concentrations of NoV GI in oysters. Recently, it has been demonstrated that NoV GI.1 binds to A-like carbohydrate structures in the digestive gland of oysters and that the expression of this ligand during the winter period can facilitate increased NoV GI accumulation (Maalouf et al., 2010) . This Amongst the genotypes identified in oysters, NoV GI.4 was detected most frequently. This finding is consistent with previous studies that detected NoV GI.4 in influent and effluent wastewaters in Japan (Iwai et al., 2009; Kitajima et al., 2012 ) and a river catchment in Spain (Pérez-Sautu et al., 2012) . It has also been reported that NoV GI.4 was the most frequently identified genotype in a large gastroenteritis outbreak of suspected waterborne transmission in Northern Italy (Di Bartoloa et al., 2011) and in a large foodborne outbreak in which more than 200 people were affected by frozen raspberries in Finland (Maunula et al., 2009) . (Verhoef et al., 2010) showed that NoV GI.4 along with GI.2 were more frequently detected in foodborne outbreaks than in those transmitted via person-to-person.
NoV GI.4 may have some unique properties that allows for better persistence in the environment and possibly better accumulation in shellfish. NoV GI.2 and GI.3 were detected less frequently throughout the study than GI.4; however, they have been detected in shellfish-related outbreaks worldwide (David et al., 2007; Kageyama et al., 2004; Le Guyader et al., 2003; Nakagawa-Okamoto et al., 2009) .
The second most frequently identified genotype in oysters was NoV GII.4, followed by NoV GII.b. In the first year of the study NoV GII.b was more prevalent in the oyster samples and was then replaced in the second year by NoV GII.4, especially the variant 2006b. NoV GII.b was first identified in a large multi-pathogen waterborne outbreak in France in 2000 and since then has been recognised in many foodborne and person-to-person outbreaks across Europe (Bon et al., 2005; Koopmans et al., 2003; 22 Reuter et al., 2005) . 
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This study demonstrates that RT-qPCR monitoring provides a better assessment of NoV contamination risk within shellfish harvest area than current bacteriological monitoring alone. In a recent opinion by the European Food Safety Authority, it was recommended that risk managers should consider establishing an acceptable limit for NoV in oysters to be placed on the market (EFSA, 2012). Until such a limit is established RT-qPCR monitoring in oyster harvest areas could be conducted to establish a more comprehensive approach to risk management than currently offered from E. coli monitoring alone. In addition, this study demonstrated contamination of oysters with multiple genotypes of GI and GII NoV.
Although no direct evidence is presented in this paper, it is possible that the disproportionate detection of NoV GI genotypes in oysters compared to the dominance of NoV GII.4 in clinical reports may be because of asymptomatic infections in the community, better environmental survival or preferential accumulation in oysters associated with NoV GI genotypes or a combination of these factors. 
